Pyrimidine-based derivatives 2a-2c were synthesized from renewable isolongifolanone, and compound 2c exhibited high selectivity and sensitivity toward Cu 2+ ions with a low detection limit of 4 Â 10 À8 M, a wide pH range (5-11), and a short response time (30 s). The sensor still retained good fluorescence selectivity to Cu 2+ ions when applied to fluorescence imaging in living black mice. Therefore, compound 2c can be used as an effective fluorescence probe and imaging agent for detecting Cu 2+ ions.
Introduction
In recent years, selective chemo-sensors for recognizing specic metal ions have attracted more and more research interests. In particular, there have been advances in the development of sensors for detecting and tracking transition metal ions, such as Cu 2+ , Fe 3+ , Cr 3+ , and Cd 2+ , which are important in chemical and biological science, and the excellent properties of these sensors make them capable of being used as an efficient way to protect the environment. [1] [2] [3] [4] [5] [6] [7] [8] [9] Copper is an essential trace element and exists in the form of copper protein in the human body. Furthermore, copper mainly acts as biocatalyst in the human body and plays a pivotal role in hematopoiesis, angiomalacia, metabolism and hormone secretion. 10 In spite of these good biological functions, excessive levels of copper can result in many kinds of diseases such as Menkes or Wilson disease, 11 Alzheimer's disease, [12] [13] [14] and prion disease. 15 Copper can be ingested from polluted water and foods. Thus, the detection of copper ions in the environment and in vivo is important for human health.
A uorescence probe is a simple, fast, and sensitive way of detecting copper ions compared with traditional methods such as electrochemistry, 16 spectrophotometry, 17 voltammetry, 18 and atomic absorption spectroscopy. 19 Many sensitive uorescence probes for Cu 2+ have been reported, such as ferrocenyl, 20 benzimidazole, 21 benzothiazole, 22, 23 pyrene, 24, 25 BODIPY, 26, 27 rhodamine, [28] [29] [30] [31] etc. Pyrimidine is a typical nitrogen heterocyclic compound and has many structure sites that can be modied. Pyrimidine has been widely used in the elds of pesticides 32 and medicine in the past few years, 33, 34 but there are few reports on its use in uorescence probes. Due to the nitrogen heterocycle, pyrimidine derivatives can bind metal ions to serve as a potential probe.
Isolongifolanone is prepared from natural longifolene by oxidation, 35, 36 and it can serve as a renewable terpenoid material to synthesize various derivatives such as a,b-unsaturated ketones, pyrazole, and pyrimidine; these derivatives have been used in the elds of anophelifuges and antineoplastics. 37 However, there is no reported derivative that has been used for detecting metal ions and other substances as a orescence probe. In addition, longifolene is a main component of natural turpentine with great biological compatibility. Therefore, longifolene derivatives have good cell membrane permeability. This excellent cell membrane permeability enables the derivatives to be used for bio-imaging in organisms. In view of the above-mentioned merits, we believe that we can design some useful compounds as probes based on isolongifolanone.
In this study, we synthesized three pyrimidine-based derivatives 2a-2c from isolongifolanone and investigated whether the uorescence properties were affected by the locations of pyridine. Aer that, compound 2c was selected as a moderate orescence probe from the three compounds. Compound 2c showed obvious uorescence quenching with the addition of Cu 2+ ions. The optical properties of compound 2c towards Cu 2+ ions have been investigated using various instruments and means, and in addition, compound 2c has been successfully applied to the identication of Cu 2+ ions in vivo in black mice.
Results and discussion

Synthesis
The synthetic route of compounds 2a-2c is shown in Scheme 1.
Compounds 1a-1c were rst synthesized by the aldol condensation reaction of isolongifolanone and pyridinecarboxaldehyde, and then compounds 2a-2c were synthesized by a reaction of compound 1a (1b or 1c) and guanidine hydrochloride in the presence of potassium tert-butylate in tert-butyl alcohol. The synthesized compounds 2a-2c were characterized by IR, NMR and HRMS techniques. Moreover, compound 2c was characterized by single-crystal X-ray diffraction (Table S1 , ESI † and Fig. 1 ). These analyses conrmed 2c to be 6,6,10,10-tetramethyl-4-(pyridine-4 0 -yl)-5,7,8,9,10,10a-hexahydro-6H-6a,9-methanobenzo[h]quinazolin-2-amine.
UV-vis and uorescence properties in solution
In order to investigate the uorescence properties of the three compounds (2a-2c) in the solution state, the compounds were (Fig. 2a) . However, the solution changed from bright blue to colourless aer the addition of Cu 2+ under 365 nm UV light (Fig. 2b) . Meanwhile, the addition of the other metal ions did not lead to uorescence quenching. Thus, the results showed that the new compound could be used as a novel uo-rescence sensor for identifying copper ions. The UV-visible spectrum of compound 2c (1 Â 10 À4 M) was measured in 8/2 (v/v) ethanol-water solution (20 mM HEPES, pH ¼ 7.2). It had two main absorption peaks; the narrow band was strong at 225 nm and the broad band at 325 nm was very Scheme 1 Synthesis of compounds 2a-2c. weak (Fig. S2 †) . The complexing interaction of compound 2c with metal ions (1 mM) mechanism could be divided into a static quenching mechanism and a dynamic quenching mechanism; the UV-vis spectra changes at 325 nm indicated that the quenching effect should be attributed to a static quenching mechanism. The SternVolmer equation was introduced in the following section as shown in eqn (1) to further explain the static quenching mechanism:
where F 0 and F respectively represent the uorescence intensity of compound 2c in the absence and presence of Cu 2+ ions, and K s is the static quenching constant of the Stern-Volmer
À5 M) at 450 nm in the HEPES buffer solution upon addition of various metal ions. Excitation wavelength of 325 nm; em. slit of 12 nm; ex. slit of 5 nm. . In addition, the binding constant (K a ) of compound 2c and Cu 2+ was evaluated from the intensity titration data using the Benesi-Hildebrand method (eqn (2)):
In eqn (2), C F is the total concentration of compound 2c in the system, and a is dened as the ratio between the concentration of free 2c and the total concentration of compound 2c. a was obtained using eqn (3):
where F is the uorescence intensity of compound 2c at 450 nm with increasing concentrations of Cu 2+ ions, and F 1 and F 0 are the uorescence intensity of free 2c at 450 nm and the minimal uorescence intensity of compound 2c at 450 nm in the presence of Cu 2+ ions. (Fig. S8 †) . In addition, the binding mode of compound 2c with Cu 2+ was investigated using IR spectroscopy. As shown in Fig. S9 and S10, † the characteristic stretching band at 3155 cm À1 , which corresponds to the amino (n N-H , NH 2 ) absorption of compound 2c, disappeared upon chelation with Cu 2+ .
Moreover, a typical scissor bending peak at 1567 cm
À1
, which corresponds to the amino (d N-H , NH 2 ) absorption of compound 2c, shied to a higher frequency (1604 cm À1 ) in the 2c-Cu 2+ complex. The stretching peak corresponding to n C]N (pyrimidine) was measured at 1647 cm À1 in compound 2c, while the band strengthened and shied to a higher frequency (1666 cm À1 ) in the complex. With signicant evidence of characteristic peaks in free 2c and the complex, the optimized binding mode of 2c and Cu 2+ could be concluded on the basis of the above binding study (Fig. S11 †) . A performance comparison with some existing Cu 2+ uores-cence probes is listed in Table S2 . † Almost all of the enhanced uorescence probes or quenched uorescence probes show excellent selectivity to Cu 2+ and an extremely low detection limit (mM). a relatively higher uorescence intensity in test solvents (Fig. S12 †) . The intensity of compound 2c in DMF was much stronger than that in other solvents, but the intensity was obviously weaker in low-polarity solutions such as methylbenzene and n-hexane. When compound 2c was dissolved in acetonitrile, HEPES buffer solution, 1,4-dioxane, trichloromethane, and ethyl acetate separately, compound 2c exhibited a moderate uorescence intensity. In addition, the maximum emission wavelength of compound 2c showed a tiny red-shi from 435 nm to 450 nm in the test solutions and the uores-cence intensity of compound 2c had no signicant quenching in most of the organic solvents.
Because the uorescence intensity of compound 2c could be affected by solvents according to the above research, the uo-rescence quenching efficiency of compound 2c (1 Â 10 À5 M) to Cu 2+ ions (1 Â 10 À4 M) at 450 nm was evaluated in different solvents (Fig. S13 †) . (Fig. 7) . The uorescence intensity of compound 2c was relatively weak in acidic solution and gradually enhanced with increasing pH values until the pH value reached 11. An overly acidic or alkali environment was unfavourable for detecting Cu 2+ ions; the optimum pH range for compound 2c to respond to Cu 2+ ions was between 5 and 11. In view of the wide pH range for detecting Cu 2+ ions, compound 2c
could be used as a working Cu 2+ probe for practical application.
To evaluate whether the uorescence intensity of compound 2c towards copper ions was affected by the anions of the copper salts, uorescence curves of compound 2c with the addition of cupric chloride, cupric bromide, and cupric nitrate were obtained in HEPES (20 mM 
2) buffer solution (Fig. S15 †) . The quenching intensity showed an obvious difference under the action of the corresponding copper salts, and the optimal uorescence quenching efficiency of compound 2c towards copper ions was found in the presence of cupric nitrate. With the addition of Cu 2+ ions, the uores-cence intensity of compound 2c was quenched effectively. The reversible and reusable response of compound 2c was investigated by performing four alternate cycles of titration of compound 2c with Cu 2+ followed by the addition of EDTA (Fig. S16 †) . An obvious decrease of the uorescence intensity resulted from the formation of the 2c-Cu 2+ complex. However, the uorescence intensity of the system returned to a level close to that of the free compound 2c with the addition of EDTA. The repeated OFF/ON behavior veried the remarkable reversibility and reusability of compound 2c in detecting Cu 2+ ions.
The photo-stability of compound 2c was evaluated upon continuous illumination in HEPES (20 mM, v/v ¼ 8/2, CH 3 CH 2 -OH-H 2 O, pH ¼ 7.2) buffer solution. As shown in Fig. S17 , † the uorescence intensity of compound 2c at 450 nm showed no signicant decrease upon continuous illumination for 60 h with a uorescent lamp. The excellent photo-stability of compound 2c indicated that it could be used as a practical uorescence probe.
The thermostability of compounds 2a-2c
The thermostability is an important parameter for a uores-cence probe to evaluate its applicability. We tested the thermostability of compounds 2a-2c using TGA (Fig. S18 †) . All of compounds 2a-2c had excellent thermostabilities, and the thermostabilities of compounds 2b and 2c were much better than that of compound 2a. The weight loss of compounds 2a-2c attained 10% at the temperature points approaching 255.3 C, 277.0 C, and 275.9 C. Compared to compound 2a, compounds 2b and 2c had better thermostabilities.
Fluorescence response to various metal ions on lter paper
The detection of a uorescence probe towards a substrate should ensure accuracy as simply as possible, so we attempted was added dropwise and evenly on the lter paper, then water solutions of metal salts (1.5 Â 10 À4 M) were respectively dropped in the previous circles and dried on the lter paper. As shown in Fig. 8 
DFT calculations
For further understanding optical properties of synthetic compounds with density functional theory (DFT), the Fig. 8 Fluorescence photographs of compound 2c (1 Â 10 À5 M) with drops of various metal ions (1.5 Â 10 À4 M) on filter paper. Fig. 9 The optimized structures and molecular orbitals (LUMO and HOMO) of compounds 2a-2c. geometries of compounds 2a-2c were optimized at the B3LYP level with the 6-31G(d) basis set using the Gaussian 09 program. The optimized structures of compounds 2a-2c were obtained. In addition, the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) are also shown in Fig. 9 . The HOMOs of compounds 2a-2c were distributed over the molecules except for the partial isolongifolanone units, while the LUMOs were mainly situated on the pyridine and pyrimidine groups. The HOMO-LUMO band gaps (DE) acted as the theoretical basis of the molecular uo-rescence properties. The band gaps (DE) of compounds 2a-2c were 4.710 eV, 4.672 eV, and 4.590 eV, and they decreased with the increase of the distance of the nitrogen atoms on the pyridine groups from the pyrimidine units. The lowest DE indicated that compound 2c could show uorescence aer electron transition more easily than the other compounds could.
Bio-imaging in vivo of compound 2c
The part around a mouse's hip with loose muscle tissues and abundant blood vessels enables an imaging agent to be absorbed as quickly as possible. Therefore, the uorescence imaging efficacy of compound 2c towards copper ions was evaluated in vivo in black mice using a near-infrared (NIR) uorescence imaging system. A solution of compound 2c (50 ml Â 20 mM in saline, containing 1% DMSO) was injected into the subcutaneous tissues on the hip of the black mice. The uorescence variation at the same region of the black mice was obvious aer the injection of compound 2c (Fig. 10a and S43a †); the ores-cence intensity in the tissue sharply increased from 7.52 to 11.11% (Fig. 10c) . Compared with the initial uorescence imaging (immediately recorded aer compound 2c was injected), the uorescence durability of compound 2c was also investigated within 30 min. As shown in the diagrams, the uorescence signal aer 30 min at the same injecting region had no signicant change; the % orescence intensity almost did not weaken during the testing time. The uorescence imaging of compound 2c was visualized aer the black mice were treated with an injection of 1.5 equivalents Cu 2+ aer 0, 10, 30, and 70 min, and the graphs at the same region show a quenching reaction over time ( Fig. 10b and S43b †). The % uorescence intensity of compound 2c towards Cu 2+ ions exhibited a constant decrease in the black mice within the testing time; the quenching velocity of the % uorescence intensity (D% F/Dt) was fastest ten minutes before and then mildly slowed down with time (Fig. 10d) . Compound 2c had a good orescence durability and short response time to Cu 2+ in vivo, so it could be used as an excellent probe for imaging Cu 2+ ions in living black mice.
Conclusions
In summary, a novel uorescence probe has been synthesized from isolongifolanone. The sensor exhibited highly selective and sensitive uorescence quenching towards Cu 2+ ions, and the detection limit for Cu pH range of 5-11 and the detection could be achieved in different solvents. The sensor could respond to Cu 2+ ions in a short time (0.5 min) and sustain a good quenching efficiency during the testing time. A simple method was provided for detecting Cu 2+ ions using the sensor on lter paper. The sensor was applied to the detection Cu 2+ ions in living mice, and the uorescence signals were quantied to visualize the quenching effect in vivo. Moreover, the uorescence sensor was synthesized from isolongifolanone, which is an important derivative of turpentine. Therefore, the synthesized sensor has exploited the utilization of turpentine and provided a possible route for deep processing of forest resources.
Experimental
Instruments
The mass spectra were recorded on an America Agilent 5975c mass spectrometer. The purity was measured on an America Agilent 7890A gas chromatograph. The 13 C NMR and 1 H NMR spectra were recorded in DMSO-d 6 or CDCl 3 solutions on a Bruker AV 500 spectrometer. The UV-vis absorption spectra were determined on a Shimadzu UV-2450 spectrophotometer.
The uorescence spectra were obtained on a Perkin Elmer LS 55 uorescence spectrophotometer with the excitation wavelength at 325 nm. The infrared spectra were measured on a Nicolet 380 FTIR infrared spectrometer. The melting points were recorded on an X-6 microscopic melting point apparatus. Single-crystal Xray diffraction measurements were done on a Bruker D8 Venture area diffractometer. The pH values were collected on a Model PHS-3C pH meter. The uorescence images of living mice were taken using a Maestro In Vivo Imaging System.
Materials
All the reagents and solvents were purchased from various commercial sources and used without further purication. Deionized water was used throughout the experiment. The most common solutions of the sensor were prepared in HEPES buffer solution (20 mM, pH tert-butyl alcohol (60 mL), and tert-butoxide (2.8 g, 25 mmol) were successively added in a 100 mL dried three-necked ask equipped with a stirrer, condenser, and thermometer. The mixture was stirred and reuxed for 18 h until the conversion ratio of 7-(pyridine-4 0 -ylmethylene)-isolongifolanone was over 95% (monitored by GC). The reacted mixture was evaporated under vacuum and extracted three times with ethyl acetate, then the combined organic layers were washed to neutrality with saturated brine, dried with sodium sulfate, ltered, and evaporated to afford a viscous liquid, then recrystallized with ethanol and ethyl acetate in a refrigerator. The nal product was a white powder (33.2%, yield 
